Abstract: This paper presents a concept and an implementation of a linearized analog photonic link for wideband wireless communication that yields improved adjacent channel leakage ratio (ACLR). The link consists of two parallel Mach-Zehnder modulators (MZMs) driven by two lasers, and a modified uni-traveling-carrier photodetector capable of outputting high RF power when assisted by an erbium-doped fiber amplifier. The third-order intermodulation (IMD3) attributed to the MZM transfer function is suppressed by asymmetric RF and optical feeding that impose a π-phase difference between the signals in the two MZM channels. Long-Term Evolution (LTE) signals of various bandwidths are used to validate this broadband linearization approach experimentally. It is demonstrated that with this approach the first ACLR (ACLR1) can be improved by 19.2 dB for a 10-MHz LTE signal and 18.1 dB for a 20-MHz LTE signal at the cost of approximately 2-dB link gain penalty.
Introduction
IT is expected that mobile data traffic will increase 1,000-fold in the decade between 2020 and 2010 with the advent of 5G cellular mobile communications [1] . To enable 5G, a handful of hardwarecentric technologies will be used, such as the small cell, or millimeter-wave-based beam-space multiple-input multiple-output (BS-MIMO) [2] , [3] . Compared to conventional electronic microwave systems, microwave-photonic systems offer an attractive solution due to their considerable advantages such as low loss, broad bandwidth, and electromagnetic-interference immunity. However, microwave-photonic systems are inherently nonlinear and as such can benefit from a variety of linearization approaches [4] that include laser linearization, modulator linearization, and photodiode linearization techniques. In this paper, the focus is on the suppression of nonlinearities induced by electro-optic modulators. To validate the technique, instead of relying on a two-tone test, which is widely adopted to show IMD3 suppression and calculate SFDR, or on a multi-tone test to show wide-band IMD3 suppression, ACLR is used as the figure-of-merit according to 3GPP LTE standards [5] . The adjacent channel leakage ratio is important because it characterizes the power that leaks to an adjacent channel and potentially interferes with another user. Therefore, it is strictly controlled to guarantee reliable communication channels for all subscribers in a network. According to LTE standards [5] , the minimum ACLR required for base stations is −45 dBc. Since conventional photonic links barely meet this requirement at high modulation depths, compensation is needed to cancel the nonlinearity of the response attributed to an MZM.
In this paper, a linearized analog photonic link is presented to demonstrate that high-fidelity LTE signals can be transmitted over an optical fiber to a high-power photodiode and that the signals satisfy the 3GPP ACLR requirements for base stations. Previous analog photonic link linearization techniques are summarized and the approach of using two wavelengths is presented. To differentiate from the other link linearization approaches, EDFA and high-power photodiode are used in the link, and an optical attenuator is used after the EDFA to simulate the loss after kilometers of fiber.
MZMs are inherently nonlinear because of their sinusoidal transfer function, which is the dependence of the output light intensity on the electrical input signal. Although electro-optic phase modulators are linear in their conversion of the input electrical signal to the optical phase, phase detection requires conversion of phase to intensity, which similarly yields a sinusoidal transfer function. Accordingly, considerable research effort has been devoted to developing linearized modulators [6] - [8] or assistive techniques [9] - [11] that effectively yield linear response. In general, compensation can be performed electronically, by using analog circuitry or digital signal processing, or optically. However, the electronic approaches are often limited by the frequency response of the employed devices or by digital signal processor capacity. In the optical domain, linearization is obtained by adding a compensation MZM in parallel or in series with the main MZM, so that the IMD3 generated by the compensation MZM has the same amplitude and opposite phase of the IMD3 produced by the main MZM, and therefore the two IMD3 signals cancel each other out.
Among the optical linearization techniques, the dual-parallel modulator linearization method garnered significant attention and is widely used in linearized analog photonic links [12] - [14] . In this case, there are two general schemes with either coherent or incoherent optical sources. In the coherent mode where one laser is used [6] , [12] , [13] , the IMD3 cancellation is obtained in the optical domain, whereas in the incoherent mode where two lasers are used [15] - [18] , the IMD3 cancellation happens in the RF domain. Notably, accurate control of tunable-ratio optical splitters [12] and/or multiple phase shifters [13] are needed in the coherent one-laser approach. On the other hand, two-laser mode is limited by the tunability of RF power ratio which is determined by Vπ [15] - [17] , bandwidth and phase deviation of the RF hybrid coupler [15] , [17] , suppression ratio, and bandwidth accuracy of fiber Bragg grating (FBG) filters [18] .
To summarize, most of the existing modulator linearization techniques need an additional path and asymmetric feed to generate equal and opposite IMD3 signals. The asymmetric feed can be realized using RF attenuators/amplifiers, optical attenuators/amplifiers [19] , wavelength dependent Vπ [15] , or polarization dependent Vπ [17] , [20] . The π-phase difference between the main and secondary channels can be realized by using an additional phase modulator [6] , [12] , [13] , [21] , biasing two MZMs at opposite quadratures, adding a 180°RF hybrid coupler [15] , using push-pull modulation [16] , using lower and upper sideband modulation assisted by an FBG [18] , or employing RF phase shifters [22] . Besides, modulators are biased at quadrature to eliminate even-order intermodulation in multi-octave applications [16] or biased around null for high SFDR and low noise figure in sub-octave applications [12] .
As the goal of this research is to present a linearized analog photonic link to demonstrate high-fidelity LTE signal transmission, a simple linearization link is proposed based on incoherent compensation using two lasers. In this approach, two separate MZMs are driven by different lasers, one for data transmission and the other for IMD3 suppression; the π-phase difference is achieved by biasing two modulators at opposite quadratures. When using two lasers, optical power ratio is easier to control compared to a one-laser linearization where a tunable optical splitter is required. It is worth pointing out that the second laser operates at a lower power and generates lower photocurrent, so the relative intensity noise (RIN) of the link attributed to the second laser is less significant. As a result, it is reasonable to choose a lower cost second laser for a RIN-limited link at high photocurrent. Using two separate MZMs allows extending the tunability of RF power ratio to achieve lower link-gain penalty compared to a single or integrated dual parallel MZM where the RF power ratio is usually limited to 1/3 [17] . In the next section, a theoretical model is provided and analyzed with computer simulations, followed by a presentation of experimental results obtained through the use of the approach. In the experiments, LTE signals of different bandwidths are transmitted to demonstrate high-fidelity RF signal transmission, using ACLR as the figure-of-merit.
Method and Theory
The system consists of a primary channel and a secondary channel, as shown in Fig. 1 . The primary channel is configured to maximize the signal of interest, where a strong optical signal and moderate RF drive signal are used such that the primary channel generates RF power on the photodiode, while minimizing IMD3 arising from modulator nonlinearity. The secondary channel is intended to compensate for the IMD3 of the primary channel by using a weaker optical signal and a stronger RF drive signal. In this way, IMD3 of the same amplitude as in the primary channel is generated; however, with much lower fundamental power. To enable the IMD3 cancellation, a 180°p hase difference between primary and secondary channels is required. This is achieved by biasing the primary channel at positive quadrature and the secondary channel at negative quadrature. Quadrature biasing also ensures that even-order nonlinearities are suppressed in both channels.
For illustration, a system diagram is provided in Fig. 1 , where two incoherent lasers (LD 1 and LD 2) are used and their optical frequencies are offset by a large span (tens or hundreds of gigahertz), sufficient to ensure the photodiode does not respond to any intermodulation between the two channels in the optical domain. The input RF signal is split into two RF outputs at a certain power ratio and each RF output drives an MZM. After modulation, two parallel channels (links) are combined, amplified by an EDFA and detected on the same photodiode for signal recovery. Since two channels are driven by the same RF signal, the recovered RF signals are coherent and can beat with each other. As the two recovered RF signals are out of phase with equal IMD3 and asymmetric signal power, they beat with each other destructively giving a significant IMD3 suppression and a small signal reduction. As a result, by properly tuning the optical and RF power ratios, and maintaining the π-phase difference, the IMD3 can be suppressed while the signal of interest is recovered with enhanced fidelity.
To suppress the third-order terms, an optimum condition must be found. First, the optical modulators have a push-pull configuration, so the electric field at the primary and secondary channel before optical combiner is: . Using the square law of power detection, the combined optical power before the erbium-doped fiber amplifier (EDFA) is:
Given quadrature phase bias conditions ϕ
, and that the two optical sources are incoherent, the photocurrent on the PD is:
Taylor-expanding the sine functions, and keeping only the fundamental and third-order terms, yields the RF photocurrent:
To completely suppress the third-order terms, P As the RF modulation phase is linearly proportional to the square root of the driving RF power, as shown in (2), the optimum optical and RF power relationship to completely suppress the IDM3 is:
The above model was used to simulate two-tone intermodulation [13] around 1 GHz in MATLAB. As shown in Fig. 2 , the IMD3, without proper power ratio, ranges from −60 to −70 dBm, while the IMD3 with proper ratio along the blue line is below −100 dBm. The slope of the line is 2/3, which is consistent with the relationship described in (6) . While the IMD3 can be effectively suppressed using this approach, a small amount of fundamental power is reduced, which is referred to as the link gain penalty in this paper. We can minimize the link gain penalty by using a higher RF/optical power splitting ratio, but this reduction is limited in real-world applications because physical devices have limitations, such as power tuning range of lasers or the maximum output of low-noise amplifiers.
Experiment and Discussion
In order to validate the approach and investigate its potential application in RF signal transmission for 5G wireless communication systems, which represents the unique contribution of this work, a setup was built and tested using LTE signals with various bandwidths. As illustrated in Fig. 3 , optical signals are generated by two continuously tunable lasers with the carrier frequencies set to 193.30 THz and 193.35 THz respectively, for the nominal difference of 50 GHz. The photodiode Fig. 2 . Simulated result based on parallel MZM setup. RF and optical power splitting ratios are in a range from 0 to 10 dB. IMD3 is suppressed along the blue line where two channels have IMD3 with same amplitude and a π-phase difference. The red star indicates a power ratio with good IMD3 suppression and small link gain penalty. Fig. 3 . Photonic RF generation based on dual parallel modulator configuration. Attenuator is used to control the RF power ratio whereas the true time delay line is used to precisely tune the π phase difference between the two channels to suppress IMD3 and improve ACLR. DAC: digital to analog convertor, LNA: low noise amplifier, LO: local oscillator.
has a bandwidth of 20 GHz and therefore does not respond to carrier intermodulation in the optical domain. The RF signal is generated by a digital-to-analog converter (DAC) from Texas Instruments (DAC34SH84), which is a 16-bit DAC with 1.5 Gigasamples per second sampling rate. The DAC is also capable of incorporating an intermediate frequency (IF) carrier of up to 4 GHz using onboard RF mixers. However, the output power of the DAC is fixed and the signal to noise ratio (SNR) drops as signal bandwidth increases.
Significantly, more spectral bands are being opened for 5G wireless communication by the Federal Communications Commission (FCC). As a case in point, 5G will be deployed in high-band, mid-band and low band [23] , which includes frequencies around 28 GHz, 39 GHz, and 64 GHz. The first 5G spectrum auctions was hold by the FCC for the 28 GHz (27.5-28.35 GHz) and 24 GHz (24.15-24.45, 24.75−25.25 GHz) bands in 2018. In 2019, the FCC will auction the upper 37 GHz, 39 GHz, and 47 GHz bands. With balanced coverage and capacity characteristics, mid-band becomes a target for 5G and 844 MHz available instantaneous bandwidths will be deployed at 2.5 GHz, 3.5 GHz, and 3.7−4.2 GHz. The FCC is also acting to improve the use of low-band spectrum for 5G service for wider coverage, with targeted frequencies over a few hundred MHz bands. In this paper, an intermediate frequency of 1 GHz is used to study 5G low-band applications.
An The RF signal generated by the DAC is then split by an RF power divider to the primary and secondary channels, however, in so doing the RF power drops from −7 dBm to −13.5 dBm due to the insertion loss of the RF power divider. To improve the modulation sideband power as well as the photonic-link's gain, low-noise RF amplifiers are introduced to increase the modulation depth to the required level. For the primary channel, a 20-dB gain, high-linearity low-noise amplifier (LNA) with 40 dBm third-order output intercept point (OIP3) at 1 GHz is used to preserve signal fidelity. For the secondary channel, a similar LNA with 21.5 dB gain is used. As the RF inputs of two LNAs are very low, both LNAs work in the linear region and the link's IMD3 is dominated by the MZMs because of the high modulation depth.
The optical power ratio is controlled directly by two lasers, while the RF power ratio is maintained by inserting a tunable RF attenuator into the primary channel. As shown in the optical spectrum-illustration insets in Fig. 3 , the primary channel has a stronger carrier and weaker sideband compared with the secondary channel. The two MZMs are controlled separately by external bias controllers with feedback to ensure the respective positive and negative quadrature bias. For more precise and easy control on the π-phase shift, a pair of true time delay lines are used. The optical signals are then combined and amplified by an EDFA to improve the link gain and to increase the generated RF power. In the following experiments, the optical power ratio was set to be 10 dB while the RF power ratio was 6.7 dB, which is consistent with relation (6). Comparing to conventional PINs/APDs, the high-speed MUTC photodiode can handle hundreds of milliwatt optical power to achieve 100 mA photocurrent, therefor producing much higher RF power [24] . With the help of MUTC photodetectors, the DC photocurrent is set to 60 mA, with approximately 24 dBm optical input, to demonstrate the link's high RF power output. Figure 4 shows the experimental results in the form of spectrum analyzer traces obtained for 10-MHz and 80-MHz LTE signals with a 1-GHz IF carrier. Without compensation, i.e., using the primary channel only, we can clearly see spectral regrowth in adjacent channels. Measured ACLR1 is around −44 dBc in both (a) and (c), which barely misses the −45 dBc requirement for radio base stations [5] . As seen in (b) and (d), ACLR1 with compensation is improved by 19.2 dB and 11.8 dB, respectively, for LTE signals with 10 MHz and 80 MHz bandwidths. There is a small 2-dB link gain penalty in both cases, but the total fundamental RF power is maintained at 5 dBm. As the RF input on the primary MZM is 0 dBm, the link gain is 5 dB and can be further improved by increasing the photocurrent. Notably, ACLR1 is the major concern in that it represents the strongest intermodulation terms that are closest to the channel of interest. The second adjacent channel leakage ratio (ACLR2) indicated in these measurements is attributed to the 5th order intermodulation distortions.
To investigate the linearization technique for broad bandwidth applications, LTE signals with various bandwidths are tested. It is worth pointing out that ACLR1 and ACLR2 generally degrade with the increase of signal bandwidth regardless of third-order intermodulation. When generating LTE signals with different bandwidths, the integrated RF power over entire RF spectrum remains the same because the DAC has a fixed output power. Thus, when the bandwidth of LTE signal increases, the power spectrum density (PSD) decreases accordingly, resulting in a degradation of SNR or ACLR. This phenomenon adds complexity to the result, so the ACLR1 at the MZM RF input is used as the baseline and is shown in Fig. 5 with a green dashed line. A range of tests were performed with broadband LTE signals at 60 mA photocurrent as shown in Fig. 5 . The noise floor is dominated by the relative intensity noise (RIN) of the laser, and it remains the same if the photocurrent is constant. ACLR1 without compensation remains the same around −44 dBc for the different bandwidths mainly because of strong IMD3 introduced by high modulation depth. When a secondary channel is used to cancel the IMD3, the ACLR1 is improved by 19.2 dB for a 10-MHz LTE signal, 15.4 dB for a 40-MHz LTE signal and 9.3 dB for a 97-MHz LTE signal, at a cost of approximately 2 dB link gain penalty. The degradation in ACLR improvement is due to the finite constant power of the DAC. As the bandwidth increases, the average power density decreases, which gives rise to a reduced improvement. It is noted that the reduction of the ACLR1 improvement is a limitation of the implementation and not the technique. With a better DAC, the improvement of 19.2 dB would be the same for LTE signals with different bandwidths. Compared with the ACLR1 at the MZM input, the ACLR1 with compensation is degraded by approximately 7−11 dB. There are a few factors that can be considered as the reasons for the degradation: (1) quadrature DC bias deviation, (2) laser power fluctuation, (3) optical or RF pathlength mismatch, (4) reduced SNR due to DAC's limitation.
Although the IMD3 cannot be completely suppressed, the ACLR1 of this linearized link is still more than 10 dB bellow the 3GPP requirement for LTE base stations, while links without compensation are at the borderline of this requirement. For comparison, the ACLR1 reported in a 60-GHz photonic link for a 20 MHz LTE signal is −50 dBc [25] , and the ACLR1 measured for 20 MHz LTE signal is −56.5 dBc in author's previous work using digital predistortion [11] . According to the data presented in this paper, it is confirmed that current configuration can be used to generate and transmit LTE signals to the photodiode with both high fidelity and high power, e.g., −63.2 dBc and 4.7 dBm for 10 MHz LTE signal at 60 mA photocurrent. The signal at the output of the photodiode fully meets the 3GPP requirements and the system can be integrated with antenna array for wireless communication.
Conclusion
In summary, a system including two MZMs in parallel, driven by two separate lasers to suppress the IMD3 and improve the linearity of photonic RF signal generation was proposed and investigated. A theoretical model was developed to determine the optimum conditions for full suppression of IMD3 by combining two RF signals with a π-phase difference. Computer simulations further demonstrated and verified how IMD3 was suppressed by applying different RF and optical power ratios. Also, LTE signals with bandwidth from 10 MHz to 97 MHz were generated using a commercially available DAC and transmitted through the linearized analog photonic link. Compared to a plain MZM, in the parallel MZMs configuration, ACLR1 is improved by approximately 9-19 dB, depending on the signal bandwidth, at a cost of about 2 dB link gain penalty while maintaining the total fundamental RF power at 5 dBm. The dependence of ACLR1 improvement on bandwidth is a limitation of the implementation and not fundamental to this technique. This linearized link is inherently broadband and promises to be valuable for improving the performance of broadband analog photonic links.
